Yaw control is an important part of the control system of a horizontal shaft wind turbine. After the installation of the wind turbine, the turbulence influence of the wind turbine blades and the azimuth of the wind turbine will cause yaw error which directly affects the economic and the safety of the wind turbine. This article introduces a method for aligning the yaw error of a wind turbine mounted with a LiDAR anemometer, in which the power and the yaw azimuth of the wind turbine, recorded by a SCADA system, are divided into 22 power segments and 12 yaw azimuth sectors respectively. Combining the yaw error angles measured by the LiDAR, a 3D table of yaw error angles is prepared based on the power segments and yaw azimuth sectors of the wind turbine. Using the table of the yaw error angles, the wind turbine yaw error is aligned for capturing the maximum wind energy. According to the analysis of the data measured on-site, the proposed method is found effective in improving the AEP of the aligned wind turbine. Furthermore, taking the alignment of yaw error in a 48.6MW wind farm as an example, the economy and feasibility of the proposed method are analyzed.
I. INTRODUCTION
Wind power is the fastest-growing form of renewable energy. The cost of power generation from the wind energy is close to that from conventional energy sources. As of the end of 2018, the world's total capacity of the installed wind power was 593 GW, with an addition of 53.9GW in that year. China's wind energy resources are very rich, totaling installed capacity of 210 GW, with newly added capacity of 21 GW in 2018. China is the country with the highest capacity and growth of wind power installations. As an advanced remote sensing wind measurement technology, the LiDAR (Light Detection and Ranging) has received more and more attention in recent years. In comparison to the conventional mechanical wind vanes and anemometers used in wind turbines, LiDAR has many advantages, such as higher accuracy, flexible installation, measurement of diverse and longer distances. At present, LiDAR has been studied widely in wind power-related research institutions at home and abroad, The associate editor coordinating the review of this manuscript and approving it for publication was Fabio Massaro .
with successful testing and verification in wind turbines systems [1] - [7] .
Apart from the ability to measure the characteristics of wind inflowing towards the rotor of the wind turbine, such as the speed, turbulence and direction, there are several other advantages of employing LiDAR in wind turbines [8] - [11] , which are as follows.
(1) The power generation of a wind turbine can be increased and the loads on the structure can be reduced through the yaw error alignment. (2) The fatigue or extreme load on the towers of a wind turbine can be reduced, and its blades and other components can also be reduced by using a LiDAR measured wind speed feed forward control. (3) The operating status of wind turbines in a wind farm can be optimized by using a LiDAR coordinated wind field control, where the wake of the wind turbines can be observed. In provisions (2) and (3) above, usually a high-performance LiDAR is required for measuring the speed, direction, turbulence, shear and wind related other information, which often involves a high investment. As a consequence, most current LiDAR applications in wind power systems are more focused on the yaw error alignment.
At present, two types of approaches are available for aligning yaw error. The first one is for static alignment, where the mean of the difference between the wind directions measured by the LiDAR and the yaw angle measured by wind vane over a long sample period is taken as the fixed yaw error angle. Then, the yaw control system aligns the yaw error by compensating the fixed offset angle. The second approach is for dynamic alignment. In this approach, the wind direction measured by the LiDAR and the yaw angle measured by the wind vane are continuously compared, and the yaw system is dynamically corrected according to the measured values so as to ensure the accuracy of a wind turbine toward the wind direction for capturing the maximum wind energy.
In the approach of static alignment, after aligning the yaw error, the LiDAR can be removed and reused to obtain the maximum economic benefit. However, the fixed yaw error angles cannot reflect the influence of wind speeds and the impact of terrain on the wind vane under different azimuth wind resulted from the variation in the installation location of a wind turbine. Hence, the AEP (annual energy production) from the wind turbine cannot be improved to its maximum limit. Moreover, the continuous cooperation of the LiDAR with the yaw system for aligning the error angle will increase the wear of motors, gears, friction plates and other mechanical components of the yaw system, causing reduction in the service life of this equipment. On the other hand, the approach of dynamic alignment requires every wind turbine to be equipped with a LiDAR for regularly measuring the yaw error, which will increase the cost of the wind turbines and reduce their economic benefits.
On the basis of above, this article presents a method for yaw error alignment of wind turbines based on the nacelle-mounted LiDAR, which can automatically correct the yaw error angle of the wind turbine at different power intervals and also at different yaw azimuths, thus greatly improving the adaptability of yaw error alignment and reducing the dependence of wind turbines on LiDAR. The proposed method is tested and verified in a real wind turbine, and its application economy is analyzed through examples. The article is organized as follows. The principle of using LiDAR to detect yaw error of wind turbines is proposed in section II, followed by the LiDAR based improved method for yaw error alignment in section III. Section IV presents the experimental verification and data analysis. In section V, the economic analysis is performed and finally, the conclusion of the article is drawn in section VI.
II. PRINCIPLE OF LiDAR FOR YAW ERROR ALIGNMENT
The current wind turbines of MW-class mostly adopt an active yaw control strategy. The wind direction and wind speed are taken as inputs to the yaw control system through the wind vane and anemometer respectively. The yaw controller controls the yaw system's action by sending the yaw instructions through logical judgments. Since the anemometer and wind vane are installed in the downwind direction, the measured deviation will inevitably be affected by the turbulence of the blades. The differences in locations of the installed wind turbines will affect their yaw error angles, causing deviation in the yaw control, and subsequently resulting in power loss in the wind turbines. Studies have shown that the power loss (P loss ) in a wind turbine is closely related to the square of the cosine of the yaw error angle ( φ) [12] , which is expressed by Eq. (1) .
where P rated represents the rated power capacity of the wind turbine.
A nacelle-mounted LiDAR system can overcome the above stated disadvantages, as it is able to measure the undisturbed inflow over the entire rotor area. Since the beam of LiDAR is located in front of the rotor, the LiDAR can accurately measure the speed and direction of the wind without being affected by the turbulence of the rotor. The LiDAR is fixed on the nacelle of the wind turbine and it rotates synchronously with the yaw of the nacelle. The angle between the axial direction of the nacelle and the direction of the incoming wind measured by the LiDAR can be considered as the error of the yaw control. The measured wind speed along the direction of the laser beam is deduced as expressed by Eq. (2) [13] .
where V losi represents the measured wind speed along the direction of the i-th laser beam, which is a projection of the wind vector [u i v i w i ] on the direction of the laser beam focusing on the point [x i y i z i ] normalized with the length f i of that laser beam. For aligning the yaw error of the wind turbine, the LiDAR requires only the component of the wind speed along the horizontal rotation plane of the yaw, while the vertical component of the wind speed can be ignored. Hence, assuming that the incoming wind has no vertical share, Eq. (2) can be simplified as expressed by Eq. (3).
Taking two beams of the LiDAR as shown in Figure 1 as an example, the matrix in Eq. (3) can be transformed into a second-order matrix as expressed by Eq. (4), where U and V represent respectively, the horizontal and vertical components of the wind speed at the focal position of the laser beam on the yaw rotation plane. In Eqs. (5) and (6), α represents the angle between the laser beam direction and the LiDAR axial direction. 
Variables U , V and ϕ can be worked out from Eq. (4) as shown in Eqs. (5) and (6), respectively. In Eq. (7), ϕ indicates the angle between the measured wind direction and the LiDAR axial direction. When the LiDAR is installed at the top of the nacelle, ϕ can be considered as the instantaneous yaw error angle.
III. YAW ERROR ALLIGNMENT METHOD
The average yaw error angle of the wind turbine, φ, can be calculated by acquiring LiDAR data periodically, particularly at the fully operational wind speed in the 360 • yaw azimuth. Figure 2 shows the scatter plot of such data and fitted average curve of the yaw error angle of a wind turbine, where the green and blue colored scatter plots represent the original deviation before and after the yaw error alignment, respectively. The black and red colored continuous curves represent, respectively, the fitted average curves before and after the yaw error alignment. Wind speed interval wise, the sample data of the fitted curves are shown in Table 1 , where it can be clearly seen that the aligned yaw error gradually moves to the ideal zero. However, the yaw error angle is still large at different intervals of the wind speed, which means that the average value could not accurately compensate in those power sections, resulting to higher power loss there. Since most wind turbines use variable pitch angle control, the corresponding angles of the blade pitch under different intervals of the wind speed are different, and the impact of the blade turbulence on the wind vane of the yaw azimuth is not exactly the same. Therefore, when the yaw error angle is supplemented, the effects of the output power and the yaw azimuth of the wind turbine must be fully considered.
Based on the above analysis, the wind speed in its entire range is divided into multiple power ranges, each range of 100 kW power. In order to avoid the frequent movement of the yaw system with the change in wind direction, most of the adjustment ranges of the yaw control are kept in [−15 • , + 15 • ]. The entire yaw range is divided into 12 sectors with 30 • in each sector. For maximizing power output, the yaw error of the wind turbine is aligned in different power segments and yaw sectors. Figure 3 shows the schematic diagram of the LiDAR yaw azimuth sector. The zero position assigned to the sector is taken at the yaw azimuth 0 • angle. The sector is allocated using the remainder obtained after dividing the yaw angle by 360 • . The procedure of generating the three-dimensional table of yaw error angles is shown in Figure 4 . The raw data of the wind measured by the LiDAR is transmitted to the main controller PLC of the wind turbine through a communication BUS (such as RS485 interface). The data related to the operation of the wind turbine and wind directions, acquired by the PLC, are sent to the wind field of the SCADA system. Using Eqs. (3) to (7) , the yaw error angles table can be prepared and plotted. It should be noted that the plot of the entire table of yaw error angles requires long-term data to satisfy that every yaw azimuth sector and all the operating power segments have enough data, which are huge in size. The off-line computation can avoid the requirement of excessive memory capacity and computing power in the PLC controller of the wind turbine. The resulting datasets of 12 consecutive sector planes are plotted as shown in Figure 5 , where the yaw errors in different power segments and the three-dimensional yaw error angle for the entire wind turbine power segment are plotted by continuous lines of different colors.
Finally, the generated table of the yaw error angles is added to the yaw control algorithm of the wind turbine. A flowchart of the yaw control of the wind turbine after the addition of the proposed yaw error alignment method is shown in Figure 6 , where the dashed box is the newly added yaw error alignment model, According to the values of the yaw counter, the operating yaw azimuth sectors of the wind turbine are calculated in the sector allocation module, and the current yaw error angle φ is obtained according to the corresponding wind turbine output power look-up table. Combine the table as a feedback compensation amount with the yaw angle φ to generate an aligned and controlled yaw angle reference φ •
IV. EXPERIMENTAL VERIFICATION AND DATA ANALYSIS
According to the aforementioned method, an experiment was performed in a real wind turbine using LiDAR to verify the validity of the proposed method and to analyze the factors for improving the power generating capacity of wind turbines. The data of the tested wind turbine and the LiDAR are given in Table 2 . A 3-months cycle of time period was considered for collecting data from the wind turbine. In this experiment, the AEP was calculated by comparing the increase in power generation after the yaw error alignment with that generated by adjacent wind turbines in the same period without aligning its yaw error.
The locations of the wind turbines are shown in Figure 7 , where #2 was the target turbine with installed LiDAR for yaw error alignment, and #3 was the turbine whose generated power was compared with that of #2. The distance between the installed locations of the two turbines is about 500m.
In order to get accurate measurements, the LiDAR was correctly installed on the wind turbine. Figure 8 showed the position of the LiDAR on the turbine.
For the experiment on the yaw error alignment of the wind turbine, data was collected in the period from August 16, 2018 to October 24, 2018. The LiDAR continuously sampled the wind data at 1Hz sampling frequency. Before aligning the yaw error, the raw data of the wind speed, measured by the LiDAR, were required to be cleaned and filtered as follows.
(1) The turbine was operating normally.
(2) The bad points in the process of measurement were eliminated, including invalid measurement points generated by those blades blocking the beam. (3) Low SNR (signal noise ratio) in data of the wind speed, caused by bad weather (such as rain, snow, and fog), are eliminated. There were about 79,000 sets of valid data after cleaning and filtering, which are shown in Figure 9 . The data of each set represented the average value of the wind speed in 1 minute. There were a relatively large number of collected samples in the entire 0 ∼ 360 • yaw azimuth, which guaranteed a high reliability of the data when the three-dimensional yaw error angle was plotted in the later stage. Figure 10 showed the standard deviation of the yaw error angle calculated from the data of wind speed measured by the LiDAR. The figure did not distinguish the difference between the power band and the yaw azimuth, but showed only the statistical standard deviation of 79,000 sets of data. It can be seen that #2 wind turbine has obvious yaw error angle. Before generating the table of yaw error angles required for the yaw control, the data shown in Figure 10 were required to be filtered again by limiting the standard deviation of the yaw error angle within ±15 • . Those filtered data were used to generate a three-dimensional table of yaw error angles, applicable for the yaw control based on the yaw angle sectors and power segments. Sector-wise plots of the yaw error angles for all the 12 sectors are shown in Figure 11 , where each graph is fitted in a power segment of 100 kW. The orange colored continuous lines represent the position where the yaw error angle is zero, while the blue colored horizontal lines represent the yaw error angles and the blue colored dots represent the average yaw error angle in the current power segment. The yaw error correction table prepared from plots of Figure 11 was embedded in the yaw control system of the wind turbine for yaw error alignment control. The plots of the power curves before and after the yaw error alignment were shown in Figure 12 , where Figure 12 (a) showed the wind power curve before alignment for the data sets of the period from August 16, 2018 to October 24, 2018, and Figure 12 (b) showed the wind power curve for the data sets of the period from October 25, 2018 to March 11, 2019. The blue and red colored dots in Figure 12 represent the power data of wind turbines #2 and #3, respectively, where each dot represented the average value of the data of a period of 10 minutes. Black and green colored curves were the fitted power curves of wind turbines #2 and #3, respectively. The wind speed in the figure 12 were all measured by the conventional anemometers on wind turbine nacelle.
As can be seen from the above power curves of Figure 12 , the 2# target wind turbine power curve had been significantly improved after the yaw error alignment, especially in the wind speed region of 6-8m/s. In order to found out the influence of yaw error alignment method on the wind turbine energy production, The AEP of 2# and 3# wind turbines were calculated respectively both before and after yaw error correction based on wind speed frequency distribution of this wind field presented in figure 13 measured by mast.
Considering that the change of wind speed, wind direction, temperature and other external conditions in different periods will affect the power curve measurement. The method of comparing the relative AEP improvement in the different test period (before and after yaw error alignment) was adopted, through this comparison, the incremental error caused by the change of different measurement environment can be eliminated. The AEP comparison before the yaw error alignment was found as AEP(#2) before AEP(#3) = 6.78%, while it became AEP(#2) after AEP(#3) = 8.61% after the yaw error alignment. Hence, it was found that the AEP for the wind turbine with the proposed method was improved by 1.83%. By using the AEP evaluation method, the effect of yaw error alignment on wind turbine energy production and revenue improvement can be truly reflected.
V. ECONOMIC ANALYSIS
The high cost of LiDAR has been one of the key constraints for its large-scale application in wind turbine systems. In order to evaluate the relationship between the improved AEP of a wind turbine obtained upon aligning its yaw error and the cost return cycle of the LiDAR investment, the real data from a 48.6MW wind farm were collected, which were presented in Tables 3 and 4 . For implementing the wind turbines yaw error alignment, the wind farm uses multiple LiDARs at the same time. After the completion of the alignment in one wind turbine, the LiDAR was removed from it and installed in another wind turbine. The process was continued until alignment in all the wind turbines of the farm was completed. Two schemes for alignment, one using 5 LiDARs and the other using 7 LiDARs at the same time, were compared. The comparison took into account the LiDAR data acquisition time cycle used by the LiDAR, but ignored the time and cost of the LiDAR installation, and LiDAR removal time and commissioning. The focus was only on the period of capital return on LiDAR equipment investment.
According to the results presented in Table 4 with the assumption that the average promotion rate of the AEP lied in the range from 1% to 3.5%, the time curve of the assessed capital gain was plotted as shown in Figure 14 . It was assumed that the average replacement cycle of the wind vane was 10 years, and the yaw error angle of the wind turbine needs to be aligned again when the wind vane was replaced. Hence, the income period in the plot of Figure 14 was also taken as 10 years. It can be seen in Figure 13 that when the average AEP promotion rate of the wind farm reaches 3.5%, the capital invested on LiDAR equipment can be recovered within one year by increasing the amount of power to be generated by the wind turbine, and a cumulative profit of nearly 20 million RMB can be obtained in a life cycle of 10 years. Even if the average AEP promotion rate was only 1%, the capital invested on LiDAR equipment can be recovered within 2 years, and an accumulated profit of nearly 5 million RMB can be made in the 10th year. Moreover, the LiDAR removed from one wind turbine, after aligning it, can be reused in another wind turbine. Accordingly, it can be seen clearly that the proposed yaw error alignment method has good practical and economic values.
VI. CONCLUSION
This article proposes a novel method for yaw error alignment based on LiDAR measured flow direction of the incoming wind. The method could successfully align the yaw error of a wind turbine by using a three-dimensional table of yaw error prepared on the basis of power segments and yaw azimuth sections of the wind turbine.
Through the test and comparison in a specific wind turbine site, it is found that the AEP of the wind turbine could be increased by 1.83% through the proposed method. The experimental results verified that the method could effectively increase power generation of the wind turbine.
The cycle for return of investment by the method is simulated in a 48.6MW wind farm, where two schemes (one using 5 LiDARs and the other using 7 LiDARs) are used for yaw error alignment of the turbines. The simulated results show that, even if the AEP of the yaw error aligned wind turbines is increased by 1%, the wind field can recover the investment made on the LiDAR within 2 years by improving the power to be generated by the wind turbines. It proves that the proposed method has good practicability and profit.
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